We analyze the Higgs-boson masses and mixing matrices in the NMSSM based on an on-shell (OS) renormalization of the gauge-boson and Higgs-boson masses and the parameters of the top/scalar top sector. We compare the implementation of the OS calculations in the codes NMSSMCALC and NMSSM-FeynHiggs up to O(α t α s ). We identify the sources of discrepancies at the one-and at the two-loop level. Finally we compare the OS and DR evaluation as implemented in NMSSMCALC. The results are important ingredients for an estimate of the theoretical precision of Higgs-boson mass calculations in the NMSSM. *
Introduction
The experimental value of the mass of the discovered Higgs boson [1] , m H = 125.09 ± 0.21(stat.) ± 0.11(syst.) GeV,
has an uncertainty of just a few permille so that only four years after the discovery of the Higgs boson its mass has become an electroweak precision observable. In order to make full use of this high-accuracy measurement each prediction for this quantity should be provided with a similar precision. Furthermore, for a reliable calculation of the Higgsboson mass it is important to make a solid estimate for the theoretical uncertainty of the available prediction. Two different sources for theoretical uncertainties exist in the Higgsboson mass predictions. One is due to the experimental errors of the Standard Model (SM) input parameters ("parametric uncertainties"), the other are unknown higher-order corrections in the Higgs-boson mass calculation itself ("intrinsic uncertainties"). Supersymmetry (SUSY) is one of the most attractive solutions to several shortcomings of the SM. It can solve the hierarchy problem, provides a Dark Matter candidate and leads to a unification of the gauge couplings, thus paving the way to a Grand Unified Theory. The most frequently studied realizations of SUSY are the Minimal Supersymmetric Standard Model (MSSM) [2] [3] [4] [5] and the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . In contrast to the SM, in the MSSM two Higgs doublets are required. After electroweak symmetry breaking (EWSB), this results in five physical Higgs bosons. In the CP-conserving case, these are two CP-even Higgs bosons, one CP-odd Higgs boson, and two charged Higgs bosons. The NMSSM Higgs sector is extended by an additional complex superfield leading to three CP-even, two CP-odd and two charged Higgs bosons in the CP-conserving case. Contrary to the SM, the masses of the Higgs bosons can be predicted in terms of the parameters of the model. While supersymmetric relations lead to an upper mass bound for the light CP-even Higgs boson below 125 GeV at tree level, the inclusion of higher-order corrections can shift the mass to the observed value. However, both in the MSSM and the NMSSM, the theoretical uncertainties of the current predictions for the mass of the SM-like Higgs boson are significantly larger than the experimental error. For the MSSM detailed estimates for theoretical uncertainties of the Higgs-mass predictions are available, see e.g. [22, 23] . Automated estimates of the theoretical uncertainties depending on the considered parameter point within the MSSM can, e.g., be performed with FeynHiggs [22, [24] [25] [26] [27] [28] [29] [30] .
For the NMSSM several public spectrum generators are available that provide an automated calculation of the Higgs-boson masses: FlexibleSUSY [31] , FlexibleEFTHiggs [32] , NMSSMCALC [33, 34] , NMSSMTools [35] [36] [37] , SOFTSUSY [38] [39] [40] and SPheno [41, 42] . The results obtained by the different codes for the same set of input parameters can differ by several GeV [43] .
A first step towards investigating the theoretical uncertainties for NMSSM Higgs-mass predictions focusing on calculations using a pure DR renormalization has been performed in [43] . In this publication the aforementioned tools (except for FlexibleEFTHiggs, which did not exist then) were used to calculate NMSSM Higgs-boson masses for six sample scenarios with different physical properties. The sources for the differences between the codes have been identified, and after modifying the codes to use the same approximations they agree at the level of O(10 MeV) (for the same set of higher-order corrections). However, this technical agreement does not allow one to draw conclusions on the remaining theoretical uncertainties from unknown higher-order corrections. In particular, the comparison in [43] did not account for differences resulting from the use of different renormalization schemes. Among the tested tools only NMSSMCALC offers the option to use another renormalization scheme, namely a mixed DR/on-shell (OS) scheme. The results in this scheme were not considered in the comparison of [43] . In the present work, we will address this issue by comparing codes incorporating a DR/OS scheme, namely NMSSMCALC and the NMSSM-extended version of FeynHiggs [44] . We stick here exclusively to the codes NMSSMCALC and FeynHiggs, with the latter applying a mixed DR/OS renormalization scheme only. Concerning the comparison between the DR/OS mixed scheme and the pure DR scheme, we investigate the differences within NMSSMCALC for the two renormalization schemes. The analysis performed in this paper yields important ingredients for an estimate of the remaining theoretical uncertainties from unknown higher-order corrections for the Higgs-boson mass calculations in the NMSSM.
The paper is organised as follows. In sect. 2 we introduce our notation for the relevant NMSSM parameters. In sect. 3 we describe the codes NMSSMCALC and NMSSM-FeynHiggs together with the differences between them. The analyzed numerical scenarios and their treatment is described in sect. 4 . The obtained results for the masses and mixing matrices are discussed, and their differences are analyzed in sect. 5. The conclusions can be found in sect. 6.
The relevant NMSSM sectors
The superpotential of the NMSSM for the third generation fermions/sfermions reads
with the left-handed quark and lepton superfields,Q 3 ,L 3 , and the right-handed ones,û 3 , d 3 , andê 3 , exemplary for all three generations, and the Higgs superfieldsĤ 1 ,Ĥ 2 andŜ. The SU (2) L -invariant product is denoted by a dot. Since we will focus on the CP-conserving NMSSM in this comparison, all the Yukawa-type couplings Y t , Y b , Y τ , λ and κ can be chosen as real parameters. The scalar components H 1 , H 2 and S of the Higgs doublet and singlet superfields can be decomposed into CP-even and CP-odd neutral scalars φ x and χ x (x = 1, 2, s), respectively, and charged states φ
. After expansion about their vacuum expectation values (vevs) H i (i = 1, 2) and S , they read
The plus sign in the doublet H 1 refers to the convention used in NMSSMCALC, the minus sign to the one used in NMSSM-FeynHiggs. Due to CP-conservation the vevs are real. SinceŜ transforms as a singlet, the D-terms remain identical to the ones from the MSSM. Compared to the CP-conserving MSSM the superpotential of the CP-conserving NMSSM contains additional dimensionless parameters λ and κ, while the µ-term is absent. This term is generated effectively via the vev of the singlet field,
It should be noted that there are two common conventions for defining the vacuum expectation values, S = v s / √ 2 and
respectively. Both are allowed by the SLHA conventions [45, 46] . The latter convention is used by FeynHiggs, while the former is used by NMSSMCALC. As in the MSSM it is convenient to define the ratio
Soft SUSY-breaking in the NMSSM gives rise to the real (in the CP-conserving case) trilinear soft SUSY-breaking parameters A λ and A κ , as well as to the soft-SUSY breaking mass term m 2 S of the scalar singlet field. Together with the soft SUSY-breaking Lagrangian of the MSSM we have
The MSSM soft SUSY-breaking Lagrangian, exemplary for the third generation, reads
The new fields correspond to the five neutral Higgs bosons h i and A j , the charged Higgs pair H ± , and the Goldstone bosons G 0 and G ± . The matrices U {e,o,c}(0) transform the Higgs fields such that the mass matrices M hh , M AA , and M H ± H ∓ are diagonalized at tree level,
The two codes: NMSSMCALC and FeynHiggs
In this section we will give a brief overview about the higher-order corrections to Higgs-boson masses included in FeynHiggs and NMSSMCALC, together with the different renormalization schemes employed. We will restrict ourselves here and in the following to the CP-even Higgs sector.
Incorporation of higher-order contributions
The masses of the CP-even Higgs bosons are obtained from the complex poles of the full propagator matrix. The inverse propagator matrix for the three CP-even Higgs bosons h i from eq. (9) is a 3 × 3 matrix which reads
Here,Σ hh denotes the matrix of the renormalized self-energy corrections of the CP-even Higgs fields. The three complex poles of the propagator in the CP-even Higgs sector are given by the values of the external momentum k 2 for which the determinant of the inverse propagator-matrix vanishes,
The real parts of the three poles are identified with the square of the Higgs-boson masses M h i in the CP-even sector, while the imaginary parts include their total widths Γ h i . The renormalized self-energy matrixΣ hh at one-loop order is evaluated in NMSSMCALC [47, 48] and NMSSM-FeynHiggs [44] by taking into account the full contributions from the NMSSM (differences in the renormalization schemes are discussed below). At two-loop order NMSSMCALC includes the leading (S)QCD corrections from the top/stop sector of O(α t α s ) in the NMSSM [49] , while NMSSM-FeynHiggs uses all available corrections from the MSSM, that are included in the MSSM-version of FeynHiggs [22, [24] [25] [26] [27] [28] [29] [30] , as an approximation 1 ,
1 Updates beyond the FeynHiggs version 2.10.2 (used for this comparison) also take into account momentum dependent two-loop contributions [50, 51] and improved resummations of large logarithmic corrections [29] . These updates are not relevant for the comparison between the two codes up to O(α t α s ).
In order to facilitate the comparison between NMSSMCALC and NMSSM-FeynHiggs at two-loop order we only include the MSSM corrections of O(α t α s ) in NMSSM-FeynHiggs, if not stated otherwise.
The mixing matrix elements including higher-order corrections are denoted by U h ij . Here and in the following we will suppress the loop order of the mixing matrix, but specify it in the text. They are given by the unitary matrices that diagonalize the mass-matrix at tree level, U e(0) , and the loop-corrected mass matrix for zero external momentum, U e(i) with i denoting the loop order,
where
Here, m h j and M h j ,0 with j = 1, 2, 3, denote the Higgs-boson masses at tree-level and at higher order, respectively, i.e. including up to one-loop corrections for i = 1 and up to twoloop contributions for i = 2, with vanishing external momentum k 2 = 0. The evaluation of the mixing matrices at zero external momentum ensures the unitarity of the mixing matrices. The mixing matrices considered here differ from the wave function normalization factors for external Higgs bosons in an S-matrix element. The latter are evaluated at the complex poles of the propagators and form a non-unitary matrix. We found that the differences between the two types of matrices are small for most of the scenarios.
Renormalization scheme: Higgs-and electroweak sectors
The independent parameters appearing in the linear and bilinear terms of the Higgs potential in eq. (8) have to be renormalized for the evaluation of higher-order corrections to the Higgs-boson masses. NMSSMCALC and NMSSM-FeynHiggs offer different choices for the set of independent parameters and the applied renormalization schemes [44, [47] [48] [49] . For the presented work the set of common independent parameters in the Higgs sector for the comparison of the mixed DR/OS renormalization schemes in the two codes reads
with the applied renormalization scheme. In NMSSMCALC the scheme can be varied: If M H ± is set as input parameter, it will be renormalized OS, if instead the trilinear soft-SUSY breaking parameter A λ is used as input parameter it is renormalized DR, see sect. 5.6. The gauge-boson masses, however, are still renormalized OS, and the tadpole coefficients are renormalized such that the renormalized tadpoles vanish. Using the former option, M H ± as input, up to the one-loop level the two codes differ only by their treatment of the renormalization of the coupling constant α in the electromagnetic sector. While for NMSSMCALC α is renormalized to α(M Z ), NMSSM-FeynHiggs employs a dependent renormalization scheme (employing a DR renormalization of v) with a subsequent reparametrization [44] to the value α G F , derived from the Fermi constant G F (to match exactly the FeynHiggs MSSM evaluation in the MSSM limit). This difference in the treatment of the charge renormalization at the one-loop level is formally an effect of electroweak two-loop order. In the Higgs-boson mass calculation in the MSSM-limit the charge renormalization constant drops out at the discussed levels of the calculation and thus its impact is a genuine NMSSM effect. The differences between NMSSMCALC and NMSSM-FeynHiggs in the contributions to the Higgs-boson self-energies at the one-loop and the two-loop level (see below) are summarized in tab. 1. 
Renormalization scheme: top/stop sector
For the two-loop O(α t α s ) corrections the top quark mass and the stop parameters need to be renormalized. In NMSSMCALC either the OS or the DR renormalization scheme for the top/stop sector can be used. Apart from section 5.6, where we indicate explicitly the renormalization scheme of the top/stop sector, we employ the OS scheme in NMSSMCALC throughout this work. In NMSSM-FeynHiggs the OS scheme is used throughout for the parameters in the stop sector. For the top-quark mass, either the OS or the DR renormalization scheme can be chosen in NMSSM-FeynHiggs, and a further option is to use a reparametrization of the OS result in terms of the MS mass of SM QCD.
In both programs, the OS scheme is defined by applying on-shell conditions for the respective masses, i.e. the top-quark mass m t and the top squark masses mt 1 and mt 2 . A fourth renormalization condition fixes the mixing of the squarks and can be identified with a condition for the stop mixing angle. The resulting counterterms have the same form as in the MSSM, and details can be found in refs. [52, 53] . No additional counterterms of the sbottom sector are needed since the bottom mass is set to zero in the charged Higgs self-energies.
NMSSMCALC uses the soft-SUSY breaking masses of left-handed and right-handed fields, MQ
Treatment of QCD corrections
In NMSSMCALC the DR-value of the strong coupling constant α DR s is calculated at the input scale Q of the parameters specified in the SLHA input file by applying the formulae given in [54, 55] . In NMSSM-FeynHiggs the MS-value of the strong coupling constant α MS s is calculated at the scale m t . In both codes the obtained value is subsequently used for the evaluation of the two-loop contributions to the Higgs boson masses. As stressed above, NMSSMCALC includes corrections of up to O(α t α s ), and consequently for our comparison we restrict the NMSSM-FeynHiggs evaluation to this order as well. The treatment of the two-loop contributions is summarized in the lower row of tab. 1.
Description of the scenarios

The five test-point scenarios
In ref. [43] , six test-point (TP) scenarios were proposed for the comparison of the Higgs-mass predictions obtained by different tools using the DR scheme. They will also be employed here for the comparison between NMSSMCALC and NMSSM-FeynHiggs to facilitate a later comparison with ref. [43] . The definitions of the TP scenarios are recapitulated in tab. 2, where all parameters are given at the indicated scale, both at the high scale M S at which they were originally defined, and at the scale of the top-quark on-shell mass m t .
2 For completeness we repeat the different physical features of these scenarios as given in ref. [43] : TP1: MSSM-like point.
TP2: MSSM-like point with large stop splitting.
TP3: Point with light singlet and λ close to the perturbativity limit.
TP4: Point with heavy singlet and λ close to the perturbativity limit.
TP5: Point with slightly lighter singlet. Additional matter needed for perturbativity; inspired by [56] .
The scenario TP6 of ref. [43] is characterized by a very large value of λ. It will be omitted from this comparison, since the corrections beyond the O(α t α s ) approximation can be sizeable in this case [43, 57] . Furthermore, this scenario requires new physics well below the GUT scale to avoid the non-perturbative regime. All TP scenarios, using a DR renormalization, contain a SM-like Higgs-field with a mass predicted at the two-loop level of around 125 GeV. The measured value of the discovered Higgs boson of ∼ 125 GeV is at the weak scale. The diagrammatic corrections to the Higgs-boson self-energies in NMSSMCALC and NMSSMFeynHiggs are such that the full particle spectrum of the model is incorporated in the loop contributions. This approach is motivated by scenarios where the SUSY scale is relatively low, i.e. not widely separated from the weak scale, and where there is no large hierarchy Table 2 : Definition of the TP scenarios. All parameters are given as DR parameters at the indicated scale Q. All dimensionful parameters are given in GeV. The remaining parameters, common to all points, are the soft SUSY-breaking parameters in the sfermion mass matrices, ML
, and the trilinear sfermion-Higgs coupling A f = 0 GeV at the high scale,
At the scale Q = m t = 172.9 GeV we use the corresponding SUSY-breaking parameters but evolved to the scale Q = m t . The scenario TP2 yields tachyonic stop-masses at the scale m t .
among the SUSY particle masses. Within this context, the diagrammatic approach yields general results for arbitrary values of the involved parameters. In contrast, effective field theory (EFT) methods are designed for the treatment of large scale splittings within the calculation.
3 Within the context of the diagrammatic calculations, we investigate two possible treatments of the scale of the SUSY parameters. We will perform the conversion of the DR to OS parameters and (for the calculation in the DR scheme) the evaluation of the Higgs-boson masses for the given scenarios both at their original scale M S = 1 2 (MQ 3 + Mt R ), the arithmetic mean of the two diagonal soft SUSY-breaking mass parameters in the scalar top mass matrix, as well as at the scale of the OS top-quark mass m t = 172.9 GeV. In the latter case this means in particular that the parameters are first evolved from their original scale M S to the scale m t with FlexibleSUSY before they are converted to OS parameters.
The parameters at the scale m t are given in tab. 2, together with the original parameters at the scale M S . The scenario TP2 yields tachyonic stop-masses at the scale m t . Consequently, TP2 is evaluated only at the scale M S .
Conversion from DR to OS parameters
In NMSSMCALC it is possible to perform calculations with either the OS or the DR renormalization scheme in the top/stop sector. In NMSSM-FeynHiggs the OS scheme is mandatory for the scalar top quarks, while for the top-quark mass the OS scheme, the DR scheme and a reparametrization of the OS result in terms of the MS mass of SM QCD can be chosen. Both codes are capable of converting DR input parameters at their given scale into OS parameters by using the well-known OS shifts of the MSSM [53, 58] 4 . For our comparison we used the routines of only one code, NMSSMCALC, in order to prevent effects that originate from different implementations of these shifts. The shifts in NMSSMCALC are computed as
where X (DR) and δX fin both depend on the DR scale. The shift δX fin denotes the finite part of the respective counterterm obtained in the OS scheme as given in ref. [49] . They are computed iteratively by inserting the obtained OS parameters, until convergence is reached.
The current version of NMSSM-FeynHiggs requires an OS mass for the charged Higgs boson as input. In order to obtain this quantity from the DR parameters specified in tab. 2, we used routines implemented in NMSSMCALC. Those routines calculate a two-loop pole mass for the charged Higgs boson from the given input parameters. We use the DR option for the renormalization of the top/stop sector for this computation. The result is treated as the OS mass for this comparison and is used as an input value for both codes, NMSSM-FeynHiggs and NMSSMCALC. 5 The OS shifted stop-sector parameters and the resulting stop masses as obtained with the routines of NMSSMCALC are given in tab. 3. An overview of the procedure of how the Higgs-boson masses and mixing matrices are obtained from the original definition of the scenarios TP1-TP5 is given in fig. 1 . The transition between DR and OS parameters can give rise to significant shifts in case some of the involved SUSY masses are heavy, see e.g. the discussion in refs. [58, 59] .
Steps performed to obtain predictions for the masses and mixing matrices of the CP-even Higgs fields at the scale Q. The red dashed line denotes the actual calculation of the Higgs masses. It is independent of the RGE evolution and the OS conversion of the input parameters. Table 4 : Mass predictions for the CP-even scalars for TP1-5 when using the indicated versions of NMSSMCALC and NMSSM-FeynHiggs as specified in sect. 5.1. The mass values of the SM-like scalar are written in bold fonts, those of the singlet-like scalar in italics.
Predictions for masses and mixing matrices of the CP-even scalars
In this section we analyze the differences in the predictions for the CP-even Higgs boson masses and mixing matrices from NMSSM-FeynHiggs and NMSSMCALC. We start by a comparison of the "out-of-the-box" results including the corrections of up to O(α t α s ), where sizeable differences show up. In order to understand the origin of these differences we then perform a comparison at the one-loop level, where we find that part of the differences can be attributed to the different renormalization of the electroweak sector in the two codes. This difference, which is of the order of unknown electroweak two-loop corrections, can be adjusted by an appropriate reparametrization of the NMSSM-FeynHiggs result. We then continue with an analysis at the two-loop level, where we investigate the effect of the strong coupling constant and the genuine NMSSM corrections to the Higgs boson self-energies. Finally we compare the results obtained with the OS version of NMSSMCALC with the DR calculation. The identi-fication of the various sources of differences between the different calculations are important ingredients for a reliable estimate of the intrinsic uncertainties in the Higgs-boson mass and mixing-matrix calculations in the NMSSM.
"Out-of-the-box" results
In the first step of our comparison the masses and mixing matrices of the CP-even Higgssector are evaluated for the TP scenarios with the "out-of-the-box" versions of NMSSMCALC and NMSSM-FeynHiggs, restricting the two-loop corrections in the latter code to O(α t α s ) (cf. sect. 3.1). For the results of NMSSMCALC we used the "out-of-the-box" version with the on-shell renormalization scheme for the top/stop sector and the charged Higgs mass (see sect. 4.2), labelled "NC OS". The OS parameters used as numerical input for both codes have been specified in tab. 3. The obtained numerical results for the masses are given in tab. 4, the results for the mixing-matrix elements, see eq. (14) , are given in tab. 5. For all TP scenarios except for TP5 we identify the field h i with the largest value for |U h i2 | as the SM-like field, since it has the largest coupling to the top-quark. We refer to the field h i with the largest value for |U TP3 Table 5 : Absolute values for the mixing matrix elements of the CP-even scalar sector for TP1-5 when using the indicated versions of NMSSMCALC and NMSSM-FeynHiggs as specified in the text, see sect. 5.1. mass scale Q = M S in lighter (green) bars and the top-quark mass scale Q = m t = 172.9 GeV in darker (blue) bars. When comparing the Higgs masses obtained with NMSSM-FeynHiggs and NMSSMCALC, we find that for the SM-like field the difference between the mass predictions of the two codes can be larger than 6 GeV for the scenarios TP1 and TP2 and the evaluation at the high scale M S . These differences between the mass predictions obtained at the two-loop level appear to be unusually large. The origin of these differences will be addressed in the following sections. For the evaluations at the low scale m t , however, the differences between the codes do not exceed 1 GeV for all scenarios (as mentioned above, the scenario TP2 is not evaluated at the scale m t in our numerical analysis, as it yields tachyonic stop-masses). The difference between the masses of the heaviest fields, which are always doublet-like in all TP-scenarios, remain rather small with less than 0.8 GeV, which is at the permille level for the considered scenarios. For scenarios with a singlet-like field that is heavier than the SM-like field, i.e. TP1, TP2 and TP4, the absolute difference between the mass predictions for the singlet-like field remains below 0.25 GeV, while for a lighter singlet-field the differences can be as large as 1.1 GeV. The mixing matrix elements of the SM-like Higgs boson obtained by the two codes agree within ≈ 2% for the scenarios TP1-3. For the singlet-like Higgs boson the differences in the mixing matrix elements, on the other hand, can be substantial in these scenarios. In case of the heavy Higgs h 3 the matrix elements differ by at most 10%. For TP4 and TP5 we find good agreement for most entries, but larger differences, up to a factor of four, can occur for matrix elements that are themselves small. In general, we find that the differences for the mixing matrix elements seem to be by far larger than for the mass predictions, where the relative differences never exceed 6%. This is in particular the case for TP4 and TP5, where we have large singlet admixtures to the SM-like Higgs field with a mass around 125 GeV. In these scenarios the Higgs masses and mixing matrices appear to be very sensitive to relatively small changes of the parameters. We remark that this can lead to different conclusions whether a parameter point is excluded or not by LHC data.
In the following we will analyze the observed differences in more detail. We will start with a discussion of the chosen test-point TP1 and a study of the differences at the one-loop level.
The test-point TP1
In tab. 4 very large differences between the mass prediction in the MSSM-like scenario TP1 can be found when comparing the result for the SM-like CP-even Higgs field obtained with the same code at either the scale M S or m t . They can be as large as ≈ 8.5 GeV for the SMlike scalar with NMSSMCALC and ≈ 3 GeV for the heavy scalar with both codes (it should be noted, of course, that for the heavy scalar this amounts to a much smaller relative effect than for the SM-like scalar). These different results at two different scales may seem surprising since the physical situation before and after the evolution of the parameters of the scenario should be identical. Furthermore, we observed for TP1 that changing the renormalization scheme from an OS renormalization to a DR renormalization in the top/stop sector for TP1 at Q = m t , as in sect. 5.6, changes the mass of the lightest Higgs boson by 8.7 GeV.
6 It can be seen from tab. 3 that the running from M S to m t , which we have performed with FlexibleSUSY, and the conversion from the DR to the OS scheme, which we have carried out as described in sect. 4.2, gives rise to large shifts of the OS parameters of the scalar top sector in this scenario. These large effects are induced by the large splitting between the gluino-mass parameter M 3 = 3 TeV and the other parts of the spectrum in this scenario (cf. tab. 2). In such a case a consistent decoupling of the heavy gluino should be performed (see the discussion in ref. [60] ), which is beyond the scope of our present analysis. If the heavy gluino is kept in the spectrum for the running from M S to m t and for the conversion from the DR to the OS scheme, the obtained low-scale scenario corresponds to a different physical situation than the high-scale one. The comparison of the results of the high-scale and the low-scale scenario would therefore not describe the difference between the two calculations but rather a difference between two distinct physical situations. We found also that the parameters obtained at m t define a scenario that is highly sensitive to variations of the 6 In [59] a similar effect has been observed. It was found that in case of large gluino mass mg OS renormalization of the top/stop sector (with the physical stop masses used as input) is advantageous over a DR renormalization of the top/stop sector since the DR renormalization leads to terms enhanced in m stop parameters. This is in particular true for A t , which at the input scale M S is large compared to the other soft-breaking parameters of the scenario. For example, at the low scale m t , changes of |∆A t | ≈ 100 GeV can yield a change of the mass of the lightest Higgs of |∆m h 1 | ≈ 2 GeV. Since the observed effects are independent of the Higgs-mass calculation itself (see fig. 1 ), we regard the scenario TP1 in the present form as not suitable for the discussion of theoretical uncertainties. We will therefore omit this scenario in the following. Note, however, that we explicitly checked that by doing the adjustments of the codes as described in the following sections we find very good agreement between NMSSM-FeynHiggs and NMSSMCALC for both the low-scale and the high-scale scenario of TP1. The results for the low-scale and the high-scale scenario differ by about 3 GeV for the SM-like Higgs in both codes after the adjustments.
Renormalization of the electromagnetic coupling constant α
In order to disentangle the effects arising from differences in the renormalization, the coupling constants and the higher-order corrections, we start by comparing the one-loop results for the Higgs-boson masses and mixing matrices. Here we use the versions 'NC OS' and 'N-FH' as described in the previous section, but restrict the predictions to the pure one-loop contribution to the Higgs-boson self-energies. In this case the only difference between the calculations stems from the different renormalization prescription of the electromagnetic coupling constant α, see tab. 1. The corresponding numerical results for the CP-even Higgsboson masses are given in tab. 6. Table 6 : One-loop mass predictions for the CP-even scalars for TP2-5 when using the indicated versions of NMSSMCALC and NMSSM-FeynHiggs as specified in sec. 5.3. The mass values of the SM-like scalar are written in bold fonts, those of the singlet-like scalar in italics.
The differences between the one-loop results applying the different definitions for the electromagnetic coupling constant, shown in fig. 3 by light green bars, are smaller compared to the observed differences at the two-loop level. They never exceed 1.0 GeV for all masses in all scenarios. In order to account for this well-understood difference between the two renormalization schemes for α G F and α(M Z ), which is of the order of unknown electroweak two-loop corrections and can therefore serve as an indication of the possible size of remaining Table 7 : One-loop mixing matrix elements for TP2-5 when using the indicated versions of NMSSMCALC and NMSSM-FeynHiggs as specified in the text, see sect. 5.3. theoretical uncertainties of this type, we now employ a modification of NMSSM-FeynHiggs. In NMSSM-FeynHiggs the treatment of α is a two-step procedure: in the first step a DR reparametrization for the vacuum expectation-value v is applied. In the second step this result is then reparametrized in terms of a suitably chosen expression for α. For the results discussed so far, the electric charge is expressed in terms of the Fermi constant G F , the default value in NMSSM-FeynHiggs. As discussed before, this is done to ensure that in NMSSM-FeynHiggs the MSSM limit exactly reproduces the MSSM result of FeynHiggs. For the discussed results the reparametrization of the electromagnetic coupling is only necessary up to the one-loop level, since the two-loop corrections of O(α t α s ) have been obtained in the gauge-less limit (cf. ref. [44] ). In the following we adjust the second step in the outlined procedure, where we choose to express the electric charge in NMSSM-FeynHiggs by its value α(M Z ), the default value in NMSSMCALC. This modified version is labelled as "N-FH α(M Z )". This modification is expected to yield a better, yet not perfect agreement between the two codes. The remaining difference between results obtained by "N-FH α(M Z )", where the electric charge is reparametrized to the value α(M Z ), and "NC OS", where the electric charge fig. 3 , for the SM-like Higgs boson also an improvement is achieved by the reparametrization of α for all scenarios except for TP4, where the agreement is slightly worse. For the other two Higgs bosons the result is less conclusive. In all scenarios but TP4 the reparametrization to α(M Z ) yields an improved or equally well agreement as the results of the version "N-FH" without the adjustment at both scales. The mentioned two-loop and higher-order effects from the charge renormalization appear to be more important in the scenario TP4. The mixing matrix elements, see tab. 7, obtained by the two codes agree within ≈ 10% with the largest differences occuring for the scenarios TP4 and TP5. For the scenario TP4 and the two lighter Higgs states we obtained similar, sizeable values for |U h i2 | and |U h i3 | with either code at both scales M S and m t , making the assignment of the singlet-and SM-like field ambiguous. We thus follow the identification obtained with the two-loop calculation described in sect. 5.1. In order to verify that the observed differences between the versions "NC OS" and "N-FH α(M Z )" are indeed explained by two-loop and higher-order effects from the reparametrization procedure, we compared the predictions of the two versions in the MSSM-limit of the TP scenarios. In the MSSM-limit, with λ = κ → 0, the renormalization constant of α drops out as well as the reparametrization. We found that in the MSSM-limit there is complete agreement between the two codes at the expected level of numerical accuracy.
The reparametrization to α(M Z ) in NMSSM-FeynHiggs overall yields a better agreement with NMSSMCALC. The effect on the mass prediction for the SM-like Higgs, however, is much smaller than some of the large differences observed for the two-loop mass prediction in fig. 2 . In the subsequent sections a comparison between NMSSMCALC and NMSSM-FeynHiggs, where in the latter code α has been reparametrized to α(M Z ), will be performed at the two-loop level in order to identify the differences that are not caused by the renormalization of the electromagnetic coupling constant α. 
Treatment of the strong coupling constant α s
In the following we analyze the effects of the different treatment of α s in the two codes. In tab. 8 the mass predictions at O(α t α s ) are given for the case that NMSSMCALC is modified such that always the hard-coded MS-value of the strong coupling at the scale m t , α MS s (m t ) = 0.10697 as obtained with the routines of [54] , is used. The results of NMSSMFeynHiggs are not affected by this procedure, since α MS s (m t ) is the standard value that is used. The modified version of NMSSMCALC is labelled "NC α s mod" in the following. As discussed above, for NMSSM-FeynHiggs we continue to use the version reparametrized to α(M Z ). The graphical representation of the differences is depicted in fig. 4 . When both codes use the same numerical value of α s a better agreement with much smaller relative differences between their mass predictions can be observed. The differences between the mass predictions never exceed 1.1 GeV, and mostly stay below 0.5 GeV for all masses in all TP-scenarios. In the MSSM-limit we found again complete agreement between the two codes at the expected level of numerical accuracy now at O(α t α s ).
We conclude that the main source of the observed difference is the different treatment of the strong coupling constant α s (see tab. 1). Although the renormalization prescription Table 9 : Two-loop mixing matrix elements for TP2-5 when using the indicated versions of NMSSMCALC and NMSSM-FeynHiggs as specified in the text, see sect. 5.4. and scale dependence of α s represent effects formally of three-loop order, their effects on the Higgs mass predictions can be sizeable. The corresponding mixing matrix elements are given in tab. 9. In the scenarios TP2-4 at both scales M S and m t we found differences of less than 5% for the largest matrix elements, which contain the dominant admixture to the fields h i . Larger differences occur for the subleading matrix elements, e.g. in scenario TP3 differences of up to 19% can be observed. For TP4, subleading matrix elements can differ even by up to a factor of 3. The matrix elements that differ so strongly between the two codes are, however, only a few percent of the largest one. Even a change of them by a factor of 3 results in relatively small differences compared with the absolute size of the leading matrix elements. For the scenario TP5 we observe larger differences for the largest matrix elements. They differ by up to 20%. The reason why the matrix elements of TP5 show larger discrepancies is the large mixing between the two lightest CP-even Higgs bosons where small changes in the parameters can cause a large effect in the resulting mixing elements. At the scale M S the adapted codes show a better agreement for the largest mixing matrix elements when compared to their "out-of-the-box" versions (cf. tab. 5), where we found differences of up to ≈ 40%. At the scale m t the adapted codes show a worse agreement with differences of up to ≈ 20% even for the largest matrix elements, while the corresponding difference for the "out-of-the-box" versions never exceeded 3%. For scenario TP5 and each of the adapted codes, however, we find that the mixing matrix elements can differ by up to ≈ 20% when evaluated at either the scale M S or m t . We conclude that in the scenario TP5 the mixing matrix elements are very sensitive to small variations of the parameters due to the large mixing between the singlet and SM-like Higgs bosons. The results for the masses are much less sensitive to these effects.
MSSM-Approximation beyond one-loop in NMSSM-FeynHiggs
In NMSSM-FeynHiggs the NMSSM contributions beyond one-loop are approximated by the respective corrections from the MSSM at present. This means that at O(α t α s ) the genuine NMSSM contributions are only incorporated in NMSSMCALC, as will be discussed below. On the other hand, NMSSM-FeynHiggs incorporates further MSSM-type contributions beyond O(α t α s ). These contributions consist of further leading and subleading two-loop corrections [22, 50, [61] [62] [63] [64] as well as the resummation of large logarithms to all orders for high SUSY mass scales [28, 29] . In the MSSM limit it has been found that these corrections can yield O(5 GeV) corrections in the OS renormalization [22, 28, 29, 50, [61] [62] [63] [64] . This, however, does not take into account the impact of non-zero values of λ which have not been evaluated in an OS calculation so far. A DR calculation of the MSSM-approximated O((α t + α b )
2 ) contributions in [43] for TP1-5 gave rise to a ∼ 1 GeV correction (where the corresponding O(α t α s ) calculation yields somewhat smaller corrections than our OS result), while the gen-uine NMSSM contributions from the fermion/sfermion-and Higgs/Higgsino-sectors in the electroweak gauge-less limit [57] gave rise to an additional 1 GeV correction. We leave a more detailed discussion for future work. At O(α t α s ) the genuine NMSSM two-loop corrections incorporated in NMSSMCALC give rise to differences to NMSSM-FeynHiggs. In order to estimate their impact we compare the two-loop mass predictions between 'NC α s mod' and 'N-FH α(M Z )' given in tab. 8. The effect of the MSSM-approximation ∆m appr can be obtained by
where the ∆m nL are the differences between the result of NMSSMCALC and NMSSM-FeynHiggs at the n-th loop order obtained from the results given in tabs. 6 (where we take the 'N-FH α(M Z )' value for NMSSM-FeynHiggs) and 8. By this construction the effects of the residual differences arising from the different treatment of the electromagnetic coupling constant α are separated from the effects of the MSSM-approximation. The results of these comparisons are shown in fig. 5 . As expected the approximation has the largest effects for the scenarios TP3-5 with large values of λ. For the SM-like Higgs-field ∆m appr h does not exceed ±750(500) MeV at the scale M S (m t ), shown as dark green (blue) bars. For the singlet-like Higgs-boson it stays below ±750 MeV for both scales, and for the heavy Higgs field we find differences below ±200 MeV. This is in accordance with the expected impact of the approximation as described in ref. [44] as well as with the results of ref. [49] .
Comparison with DR calculation in NMSSMCALC
As a final step we now compare between different renormalization schemes. For all our results shown up to now we have used an OS renormalization of the parameters in the top/stop sector. NMSSMCALC offers, however, also the possibility to switch between OS and DR renormalization of the top/stop sector, which affects the O(α t α s ) corrections. In this section the default value of NMSSMCALC for α s in the DR scheme at the scale Q is used. Table 11 : DR top and stop masses, given in GeV, in the TP2-5 scenarios obtained by the routines of NMSSMCALC.
In tab. 10 the predictions for the neutral Higgs boson masses from NMSSMCALC with OS renormalization (first line) and with DR renormalization (second line) of the top/stop sector are given for TP2-5. 7 The numbers corresponding to the OS renormalization of the top/stop sector in tab. 10 are identical to the NMSSMCALC results in tab. 4. The differences in the Higgs masses due to the change of the renormalization scheme between top/stop sector are visualized in fig. 6 . The values of the stop and top masses in the DR scheme can be found in tab. 11, the stop masses as obtained in the OS scheme in tab. 3.
As can be inferred from tab. 10 and fig. 6 , the different renormalization schemes lead in general to differences of O(1 GeV) for the SM-like and singlet-like Higgs boson with a maximum difference of 1. affected most by the corrections of the top/stop sector as it has the largest φ 2 component, the component that couples to up-type quarks. The numerical differences between the different renormalization schemes are indicative of the theoretical uncertainties due to the missing higher order corrections. However, one should keep in mind that in sect. 5.4 we found that using a different α s has a larger impact on the Higgs boson mass than the difference due to different renormalization schemes of the top/stop sector. Since the scale choice of α s is formally a higher-order effect this points to a larger higher-order uncertainty than the one we obtain here.
In tab. 12 the mixing matrix elements for the different options of the renormalization of the top/stop sector can be found. For TP2 the renormalization scheme has basically no influence on the mixing matrix elements. For TP3 the influence of the renormalization scheme is well below 2%, whereas for TP4 and TP5 in some cases the renormalization scheme can change the mixing matrix elements by more than a factor two. These large differences occur in the smallest mixing matrix element of the respective Higgs boson for the singlet-like Higgs as well as for a SM-like Higgs with sizeable singlet admixture. For most of the matrix elements the change due to the renormalization scheme is, however, well below 10%.
Finally, we also want to make contact with the discussion in ref. [43] . Contrary to our scenarios, where we used M H ± as input, in ref. [43] A λ was used as input. This corresponds to a slightly different renormalization scheme in NMSSMCALC. If M H ± is used as input, the charged Higgs mass is renormalized OS and subsequently A λ is determined from the charged Higgs mass, whereas if A λ is given as input it is renormalized DR. In tab. 13 we show values where the input is given by A λ (first line) and by M H ± (second line). All values in tab. 13 are given for the DR renormalization scheme of the top/stop sector. The first line corresponds Table 12 : Absolute values for the mixing matrix elements of the CP-even scalar sector for TP2-5 when using the OS or the DR renormalization of the top/stop sector within NMSSM-CALC.
to the "out-of-the-box" NMSSMCALC values as given in ref. [43] . The effect of the way A λ (or respectively M H ± ) is renormalized is small. Only for the most singlet-like Higgs boson it can exceed 1 GeV. For all the other Higgs bosons it is always well below 1 GeV, and in particular for the SM-like Higgs boson it is at the level of O(100 MeV). In tab. 14 the values of the mixing matrix elements are given. Like for the Higgs masses the differences between the input A λ or M H ± is small. It should finally be noted that if M H ± is input in NMSSMCALC the A λ in the output file is determined from M H ± at tree level. This implies that the A λ in the output of the computation with input M H ± will differ from the A λ given in ref. [43] .
Conclusions
We have analyzed the predictions for the Higgs-boson masses and mixing matrices in the NMSSM based on an OS renormalization of the top/scalar top sector. We compared the Table 13 : Mass predictions for the CP-even scalars for TP2-5 when using the DR renormalization in the top/stop sector for either A λ as input or M H ± . The mass values of the SM-like scalar are written in bold fonts, those of the singlet-like scalar in italics. Table 14 : Absolute values for the mixing matrix elements of the CP-even scalar sector for TP2-5 when using the DR renormalization of the top/stop sector for either A λ as input or M H ± .
implementation of the results obtained in this scheme in the codes NMSSMCALC and NMSSMFeynHiggs up to O(α t α s ) (omitting further MSSM-like higher-order corrections implemented in NMSSM-FeynHiggs). Differences in the calculations implemented in the two codes arise from different renormalization prescriptions and different treatments of the electromagnetic and strong coupling constants, which provide an indication of the possible size of unknown higher-order corrections. Furthermore genuine NMSSM corrections of O(α t α s ) are implemented in NMSSMCALC, and from the comparison with NMSSM-FeynHiggs one can infer the relevance of these corrections. As a final step, going beyond the OS prescription in the top/sector, also a comparison with the DR renormalization as implemented in NMSSMCALC has been performed. Our work complements and extends the results obtained in ref. [43] , where the Higgs-boson mass calculations in different DR codes had been compared. In order to make contact with this analysis, we employed the same scenarios (TP2 -TP5) as in [43] .
(The scenarios TP1 and TP6 have found not to be useful for our comparison of NMSSMCALC and NMSSM-FeynHiggs.) The scenarios are defined at the stop mass scale M S . Since diagrammatic calculations as implemented in NMSSMCALC and NMSSM-FeynHiggs are in general designed to evaluate the Higgs-boson sector for SUSY scales that are not widely separated from the weak scale, we also evolved the TP scenarios down to the scale of the top-quark mass. All Higgs mass evaluations have been done at these two scales. At both scales the original DR parameters have been converted to OS parameters that were subsequently used as input for NMSSMCALC and NMSSM-FeynHiggs.
We started with an "out-of-the-box" comparison of the two codes and found large differences of several GeV between the two codes. In order to disentangle the origin of the differences we first concentrated on the one-loop results. While at the one-loop level both codes perform a complete calculation, they differ in the renormalization of the electromagnetic coupling constant α. The resulting differences are formally of electroweak two-loop order. For the further comparison these differences, which yield an indication of the possible size of unknown higher-order corrections of this type, have been adjusted by reparametrizing NMSSM-FeynHiggs to the value used by NMSSMCALC. In a second step, in the two-loop O(α t α s ) corrections we adjusted the strong coupling constant α s in NMSSMCALC, where α DR s (Q) is employed, to α MS s (m t ) as used by NMSSM-FeynHiggs. Although this difference is formally only of three-loop order, this change improved the agreement between the two codes by several GeV for the cases where large discrepancies had been observed. The remaining differences of O(0.5 GeV) are due to the genuine NMSSM corrections in the O(α t α s ) corrections that are implemented in NMSSMCALC, but not yet in NMSSM-FeynHiggs. Conversely, the corrections beyond O(α t α s ) implemented in NMSSM-FeynHiggs, which are taken over from the MSSM have been omitted for this comparison, and their numerical impact on the SM-like Higgsboson mass has briefly been discussed. In the final step we used the different renormalization schemes of the top/stop sector that are implemented in NMSSMCALC (but not in NMSSM-FeynHiggs). We compared the results of the OS renormalization (as obtained before) with the results using a DR renormalization in the top/stop sector. Differences of O(1 GeV) have been found, which are indicative of theoretical uncertainties due to unknown higher-order corrections. The differences in the choice of α s on the other hand (see above), lead to a somewhat larger estimate of the theoretical uncertainty due to missing higher orders. In order to make contact with [43] , we also analyzed the differences between M H ± and A λ (as used in that analysis) as DR inputs, which are two possible input options in NMSSMCALC.
Here only very small differences for the SM-like Higgs boson have been found.
In this paper we have identified the various sources of differences between the presented calculations within an on-shell scheme for the top/stop sector and between different renormalization schemes. The analyses performed in this paper yield a better understanding of the remaining theoretical uncertainties from unknown higher-order corrections in the predictions for the Higgs-boson masses and mixing matrix elements in the NMSSM. These results can now be used to endow the theoretical predictions for observables in the NMSSM Higgs sector with reliable estimates for the remaining uncertainties.
